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Abstract. In the present work, at first, DFT calculations were carried out to study the molecular structure of the tenofovir
at B3LYP/MidiX level of theory and in the water as solvent. The HOMO/LUMO molecular orbitals, excitation energies
and oscillator strengths of investigated drug were also calculated and presented. NBO analysis was performed to illustrate
the intramolecular rehybridization and electron density delocalization. In the following, a molecular docking study was
performed for screening of effective available tenofovir drug which may act as an efficient inhibitor for the SARS-CoV-2
MP™. The binding energy value showed a good binding affinity between the tenofovir and SARS-CoV-2 MP* with binding
energy of-47.206 kcal/mol. Therefore, tenofovir can be used for possible application against the SARS-CoV-2 MP™.
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1. Introduction

SARS-CoV-2 is a positive-sense single-stranded RNA virus closely related to SARS-CoV and Mid-
dle East respiratory syndrome coronavirus (MERS-CoV) that belong to the genus betacoronavirus in
the Coronaviridae family [1]. Because of the emergence of severe acute respiratory syndrome coro-
navirus (SARS-CoV-2), a novel Coronavirus (2019-nCoV) has been developed [2—11], which causes
more than 6 million deaths in the worldwide [12]. There is no clinical treatment for SARS-CoV-2.
However, many efforts are being made to discover the treatment in preclinical and clinical trials.
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Fig. 1. Chemical structure of the tenofovir.

Protease inhibitors have been investigated for covid treatment [13—17]. Furthermore, ivermectin [18],
nitazoxanide [19] and nafamostat [20] have remarkable activity in vitro.

(R)-(((1-(6-amino-9H-purin-9-yl)propan-2-yl)oxy)methyl)phosphonic acid known as tenofovir
(Fig. 1) is used in the treatment of the HI'V and the hepatitis B diseases in combination with other drugs
[21-24]. Tenofovir is accompanied with a very low rate of antiviral resistance and low hepatotoxicity
[25-28]. There are no persuasive reports about the attribution of liver injury of tenofovir. However,
the tenofovir combination with didanosine leads to liver injury along with microvesicular fatty liver
disease and lactic acidosis more commonly than didanosine with other antiretrovirals, which is due
to drug-drug interactions [29, 30]. Liu et al. suggested many drugs as the candidates against 2019-
nCoV [31]. According to their results, these drugs could form hydrogen bonds with Thr24, Asn28 and
Asn119 residues, which are capable to bind to the pocket formed by these amino acids and causing
major disruption of the function of 2019-nCoV.

The molecular docking is an important tool, which is used for modeling of the interaction between
molecules and proteins [32-35]. Kumar et al. studied in silico based drug repurposing method using
molecular docking studies on the spectrum of Food and Drug Administration (FDA)-approved antiviral
drugs against SARS-CoV-2 [36]. Based on their results, three drugs called lopinavir-ritonavir, ralte-
gravir, and tipranavir have shown the strongest binding to SARS-CoV-2 and MD simulation study
confirmed the stability and conformational flexibility of these drugs in the enzyme active site. In
another study, Elfiky [37] reported that ribavirin, remdesivir, sofosbuvir, galidesivir and tenofovir
drugs can be used as potential drugs against SARS-CoV-2, which is related to their potential bind-
ing to its RNA-dependent RNA polymerase (RdRp). Peele et al. evaluated the efficacy of anti-viral
drugs and plant-based antiviral drugs on the COVID-19 main protease viral protein of SARS-COV-
2 using molecular docking and molecular dynamics simulations [38]. It was found that lopinavir,
amodiaquine, and theaflavin digallate (TFDG) drugs have the best docking scores. Yu et al. studied
the binding of chloroquine, remdesivir, ribavirin and luteolin drugs to the 2019-nCoV main proteins
(3CLpro, PLpro, RdRp, and S) using computational methods [39]. According to their results, luteolin
is the most potential antiviral drug.

In the present work the molecular structure of the tenofovir is studied using DFT method
(B3LYP/MidiX) in water. Then, the interaction of tenofovir molecule with the SARS-CoV-2 MP™
is performed using molecular docking studies. The purpose of quantum chemical calculations is to
prove that a strong complex is formed between the tenofovir molecule and Coronavirus, which leads
to the destruction of old hydrogen bonds in the virus molecule and the formation of new ones. This
leads to disrupt the viral protein information system.
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2. Computational methods

The 3D structure of the molecule was visualized using docking programs and various computational
methods were developed to analyze the docking score [38]. Docking software calculates and predicts
the interaction between the small molecules and the target proteins based on the binding energy, the
number of Hydrogen and Pi bonds formed. The quantum chemical calculations have carried out for the
tenfovir using DFT method (B3LYP/MidiX) and TD-DFT method with the Gaussian 09W program
package [40]. The solvent effect has been incorporated using the Polarized Continuum Model (PCM)
[41]. This method and basis set is used for calculation of organic compound containing benzene
rings and P and N atoms [42]. The frontier molecular orbital (FMO) [43], molecular electrostatic
potential (MEP) [44], natural bond orbital (NBO) [45] and charge analyses [46] were also studied.
The optimized molecular structures, pictures of highest occupied molecular orbital (HOMO), lowest
unoccupied orbital (LUMO) orbitals and MEP maps were visualized using GaussView 05 program
[47].

Interaction between SARS-CoV-2 MP™ and tenfovir was investigated by HyperChem Profes-
sional 8.0.6 [48] (for windows, molecular modeling system, serial number 12-800-1501799999,
1995-2008 Hypercube, Inc. http://www.hyper.com/), PyMOL 2.3 (GL-, VERSION: 4.5.0
- Build 23.20.16.4973, License Expiry date: 01-jul-2020 https://pymol.org/2/#products) and
Molegro Molecular Viewer 2.5 (MMW 2012.2.5.-2012-10-10- [WIN32], https://molegro-molecular-
viewer.software.informer.com/2.5/) software programs. The protein sequences of 2019-nCoV were
downloaded from GenBank (http://www.ncbi.nlm.nih.gov). Crystal structure of SARS-CoV-2 Mpro
(PDB ID: 1UJ1) [49] was downloaded from Protein Data Bank (PDB, http://www.rcsb.org). As a pre-
liminary step of docking, water molecules and the amino acid that does not belong to the protein should
be removed by deleting the lines that start with “HETATM” and “CONNECT”. Then, the file structure
was saved and it was ready for molecular docking analysis. The protein molecule was initialized by
addition of hydrogen atoms and kolmen charges using the edit option and save the protein molecule as
a written PDB. The following parameters were used for the calculations by HyperChem Professional
8.0.6: Algorithm: Steepest Descent, an RMS gradient of 0.1 kcal/Mol, maximum cycles: 32767.

The pharmacokinetic properties of tenofovir were calculated using Molinspiration software as well
as validation of the Lipinski rule of 5 (ROS5). Based on the rule, an orally acceptable drug-like molecule
must have: 1. HBD <5;2. HBA < 10; 3. MW < 500 Dalton; 4. LogP < 5; 5. ROTB < 10 (added by Veber)
[15]. However this rule is not able to predict whether a drug is active pharmacologically, it can use to
get a deep insight about the pharmacokinetic properties such as Absorption, Distribution, Metabolism,
and Excretion (ADME) of the investigated drug.

3. Results and discussion
3.1. Electronic structure of the tenofovir

The structure of the tenofovir was optimized by B3LYP/MidiX level of theory in the water as solvent
(Fig.2). The optimized geometrical parameters of tenofovir molecule are listed in Table 1, in accordance
with the atom numbering scheme shown in Fig. 2. Table 1 indicates the calculated bond lengths of
tenofovir molecule compared to experimentally available data [50]. It is found that in most cases, the
calculated bond lengths are slightly greater than the available experimental values. The C=C and C-C
bond lengths in the benzene ring are found to be 1.400A and 1.381 A, respectively. This confirms
C=C double-bond nature. Generally, the calculated geometrical parameters are in relatively good
agreement with the experimental data, which provide the basis for FMO, MEP, NBO and molecular
docking analyses.
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Fig. 2. Optimized structure of the tenofovir by B3ALYP/MidiX method.

3.2. FMO analysis of the tenofovir

The results of FMO analysis and electronic properties are reported in Table 2. The picture of HOMO
and LUMO orbitals are shown in Fig. 3. According to the results of FMO analysis, the maximum of the
HOMO to LUMO charge transfer in tenofovir molecule is related to the contribution of pi (;7) bonds
and lone pairs (n—> 7* and 71 —> 7). A detail of quantum molecular descriptors [51] of tenofovir
are reported in Table 2. The density of states spectrum (DOS) [52] of the tenofovir is displayed in
Fig. 2.

3.3. MEP analysis of the tenofovir

The MEP analysis [53] was studied for optimized tenofovir molecule and the corresponding map
was visualized in Fig. 4. According to Fig. 4, the oxygen atom (016) of C=0 group is found to be an
electron donor (red color), which is due to the lone pair electrons of the oxygen atoms. Therefore, the
016 atom is nucleophilic region. Also, the O17 and O18 atoms in the O-H groups are shown slightly
negative charge sites (orange color). The O13, N5 and N8 atoms with yellow color are partially
electron-rich areas. The hydrogen atoms are shown electron-poor and electrophilic areas (blue color).
The green color areas in the tenofovir molecule indicate the areas with zero potential and neutral. The
electrophilic and nucleophilic areas represent the interaction between the tenofovir molecule and other
biomolecules in living organisms.

3.4. Charge analysis of the tenofovir

The Mulliken atomic charges and natural charges [54] for the tenofovir molecule calculated are
reported in Table S1. The carbon atom of methyl groups in the tenofovir molecule has the highest
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Table 1
Selected optimized geometrical parameters of the tenofovir molecule
Bond Bond length (°) Experimental Bond Bond angle (A) Experimental
C1-C2 1.400 1.384 C1-C2-N3 124.40 120.3
C1-C6 1.381 1.376 C1-C6-N5 119.14 117.6
C1-N8 1.370 1.366 C1-C6-N7 122.30 121.2
C2-N3 1.353 1.345 C1-N8-C9 103.87 107.5
N3-C4 1.348 1.340 C2-N3-C4 112.78 112.6
C4-N5 1.363 1.352 N3-C4-N5 128.71 128.1
N5-C6 1.360 1.349 C4-N5-C6 117.50 118.1
C6-N7 1.357 1.266 N5-C6-N7 118.50 121.2
N8-C9 1.371 1.369 C1-C2-N10 105.57 110.9
C2-N10 1.378 1.369 N3-C2-N10 129.98 125.7
C9-N10 1.393 1.366 N3-C4-H20 115.08 1159
N10-C11 1.465 1.470 N5-C4-H20 116.20 115.9
C11-C12 1.543 1.523 C6-N7-H21 116.33 120.0
C12-013 1.455 1.402 C6-N7-H22 117.09 120.0
C12-C19 1.531 1.523 N8-C9-H23 125.52 124.1
013-C14 1.431 1.402 C2-N10-C11 127.01 127.5
C14-P15 1.869 1.856 C9-N10-C11 127.09 127.5
P15-016 1.620 1.615 N10-C9-H23 120.87 124.1
P15-017 1.627 1.615 N10-C11-C12 112.33 109.5
P15-018 1.625 1.615 C11-C12-013 106.97 109.5
C4-H20 1.089 1.100 C11-C12-C19 113.88 109.4
N7-H21 1.024 1.050 C12-013-C14 114.56 120.0
N7-H22 1.023 1.050 C14-P15-016 115.86 109.5
C9-H23 1.083 1.100 C14-P15-017 99.05 109.5
C11-H24 1.093 1.113 C14-P15-018 108.34 109.5
C11-H25 1.096 1.113 016-P15-017 114.02 109.5
C12-H26 1.097 1.113 016-P15-018 112.33 109.5
C14-H27 1.100 1.113 017-P15-018 106.05 109.5
C14-H28 1.097 1.113 P15-017-H29 106.69 120.0
017-H29 0.992 0.942 P15-018-H30 112.22 120.0
018-H30 1.059 0.942 H21-N7-H22 116.68 120.0
C19-H31 1.098 1.113 N10-C11-H24 108.60 109.4
C19-H32 1.099 1.113 N10-C11-H25 108.03 109.5
C19-H33 1.098 1.113 013-C12-H26 110.63 109.5

negative charge (Mulliken: —0.459¢ and NBO: —0.720e) rather than other carbon atoms due to the
hyperconjugation effect. The phosphorus atom has a positive value (Mulliken charge: 0.371e, NBO:
2.093e). All the nitrogen atoms display a negative charge. The N10 atom has the highest negative
Mulliken charge about —0.755¢ rather than other nitrogen, while the highest negative natural charge is
observed for N7 atom (-0.750e). All oxygen atoms in the tenofovir molecule have the negative charge
and O13 atom has the highest negative Mulliken charge about —0.621e, whereas O16 atom of carbonyl
group has the highest negative natural charge about —1.005e. All the hydrogen atoms display a positive
charge. The H29 and H30 atoms have the highest positive charge about 0.421e and 0.430e (Mulliken
charge) and 0.486e and 0.482e (natural charge), respectively, rather than other hydrogen atoms due to
the attachment to electron-withdrawing oxygen atoms.
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Fig. 3. The shape of HOMO and LUMO orbitals and DOS plot of the molecule tenofovir.

Table 2

The calculated electronic properties of the tenofovir
Property B3LYP
Electronic energy (a.u.) —-1260.545
Dipole moment (Debye) 9.40
Point Group C1
EHOMO (eV) -6.2
ELUMO (CV) -0.84
Energy gap (eV) 5.36
Ionization potential, / (eV) 6.2
Electron affinity, A (eV) 0.84
Electronegativity, x (eV) 3.52
Global hardness, n (eV) 2.68
Chemical potential, p (eV) -3.52
Global electrophilicity, @ (eV) 2.31
Chemical softness, S (eV) 0.18

Fig. 4. MEP map of the tenofovir molecule.
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Fig. 5. UV-vis spectrum of the tenofovir.

3.5. Electronic structure and excited states of the tenofovir molecule

Theoretical absorption spectrum [55] of the optimized tenofovir molecule is calculated using
TDB3LYP/MidiX level of theory at 100400 nm by the IEFPCM solvent model [56]. The absorption
spectrum of the tenofovir (Fig. 5) has a wide absorption at about 100-400 nm, which characterized by
maxima at 186.51 nm. The strong peak at 186.51 nm is due to the Charge-Transfer (CT) excited state
So—> 812 and is described by a wave function corresponding to a superposition of six configurations for
one-electron excitations (H-5 (L (31%), H (L+2 (38%), H-6 (L+1 (6%), H-5 (L+1 (3%), H-3 (L+1
(6%), H (L+1 (4%)). Excitation of an electron from HOMO to LUMO+1 (38%) molecular orbital
(MO) gives the main contribution to the formation of the absorption band at 186.51 nm (Fig. 5). Exci-
tation of one electron at 179.44 nm belonged to the transition into the excited singlet state So—> Si¢
and is described by a wave function corresponding to a superposition of two configurations for one-
electron excitations (H-3 (L+1 (38%), H-1 (L+2 (38%), H-5 (L (7%), H-5 (L+1 2%), H-4 (L+1
(2%), H-1 (L + 3 (2%)). Excitation of an electron from HOMO-3 to LUMO+1 (38%) and HOMO-1 to
LUMO+2 (38%) MO gives the main contribution to the formation of the absorption band at 179.44
nm (Table 3). The other excited states of the title compound at 248.69, 240.77, 234.75, 231.02, 210.75,
208.98, 207.92, 205.64, 204.92, 194.62, 190.47, 184.91, 182.50, 176.38, 175.11, 174.81, 172.53 nm
have very small intensity (f ~ 0) that is nearly forbidden by orbital symmetry considerations and not
discussed.

3.6. NBO analysis of the tenofovir

The stabilization energy (E ) displays the value of participation of electrons in the resonance
between atoms, which is calculated according to equation 1 [57, 58].

F(i, j)*
E® = AE, = qit )
8/'—8,'

(D

The results of NBO analysis are summarized in Table S2. According to the results of NBO,
the o(C1-N8) orbital in the purine ring acts as an electron donor and the o*(C1-C6), *(C2-
N3), 0*(C9-H23) anti-bonding orbitals participate as electron acceptors with resonance energies
(E?®) about 2.36kcal/mol, 3.14kcal/mol, 4.69 kcal/mol, respectively. These values show o(Cl-
N8)—0*(C9-H23) interaction has the higher stabilization energy (4.69 kcal/mol) rather than
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Table 3
Calculated electronic absorption parameters of the tenofovir
Excited Wavelength Excitation Configurations composition (corresponding Oscillator
state (nm) energy (eV) transition orbitals) strength (f)
So—S12 186.51 6.64 H-5—L (31%), H—>L+2 (38%), H-6—>L+1 0.24

(6%), H-5—L+1 (3%), H-3—L+1 (6%),
H—L+1 (4%)

Sp—>Sis 181.25 6.84 H-3—L+1 (33%), H-1—>L+2 (48%), H-5—>L+1 0.13
(7%), H—>L+3 (3%)
So—>Sis 179.44 6.90 H-3—>L+1 (38%), H-1—>L+2 (38%), H-5—> L 0.20

(7%), H-5—L+1 2%), H-4—L+1 2%),
H-1—L+3 2%)

0(C1-N8)—>0*(C1-C6) and o(C1-N8)—>o*(C2-N3) interactions. The o(C14-P15) orbital acts as
an electron donor and the o*(P15-016), o*(P15-017), ¢*(P15-018), ¢*(017-H29) anti-bonding
orbitals participate as electron acceptors with resonance energies (E)) of 4.29 kcal/mol, 4.60 kcal/mol,
6.11 kcal/mol, 1.47 kcal/mol, respectively. These values display o(C14-P15)— ¢*(P15-018) transi-
tion has the higher resonance energy (6.11 kcal/mol) comparing with ¢(C14-P15)— o*(P15-016),
0(C14-P15)—0*(P15-017) and o(C14-P15)—>0*(0O17-H29) interactions. The m —> 7* inter-
actions at the tenofovir are such as C1-C2——>N3-C4, C1-C2—N5-C6, C1-C2——>N8-C9,
N3-C4—C1-C2, N3-C4—>N5-C6, N5-C6—>C1-C2, N8-C9— C1-C2 transitions with stabiliza-
tion energies (E®) of 10.83, 30.16, 14.54, 24.87, 6.61, 9.30, 42.95, 17.10 kcal/mol, respectively.
The w(N5-C6)—> *(C1-C2) interaction has the higher resonance energy (42.95 kcal/mol) rather
than other m — #* interactions. The n2(O16) orbital acts as an electron donor and o*(C14-
P15), 0*(P15-018) anti-bonding orbitals participate as electron acceptors with resonance energies
(E?®) about 14.37 kcal/mol, 26.18 kcal/mol, respectively. The n2(016)—so*(P15-018) interaction
has the higher stabilization energy (26.18 kcal/mol) comparing with n2(016)—> o*(C14-P15) inter-
action. The highest resonance energies of the tenofovir are observed for n1(N5)—> 7*(N5-C6),
nl1(N10)— 7*(N8-C9) and n1(N10)—> 7*(N8-C9) transitions with resonance energies (E?) of
51.58 kcal/mol, 45.31 kcal/mol, 46.83 kcal/mol, respectively.

3.7. Molecular docking analysis

Molecular basis of interactions between SARS-CoV-2 MP™ molecule and the tenofovir can be
understood with the help of docking analysis and interactions as observed in Fig. 6. There are 6
positions with a strong interaction between the tenofovir drug molecule and the SARS-CoV-2 MP™,
which leads to the degradation of the protein structure. The best position is illustrated here. Molecular
docking energy data for mentioned ligand as well as hydrogen bonds are listed in the Table 4. The
binding energy for SARS-CoV-2 MP™ and tenofovir is -77.63 kcal/mol in which shows good binding
affinity between the tenofovir and SARS-CoV-2 MP™ compared to the results obtained by Kumar et
al. [36], which have been reported the binding affinity about —8.1 kcal/mol for tenofovir-disoproxil
and SARS-CoV-2 MP™. As seen from Fig. 7 and Table 2 eight hydrogen bonding formation are
observed between reduces of Arg60 bonded with O atom, Ser62 bonded with N atoms of the tenofovir.
Also, Ser62, His64, Asn63 are connected to negatively and positively charged in the tenofovir binding
environment (Figs. 8, 9). According to obtained results, it is found that the tenofovir ligand has the best
affinity for the SARS-CoV-2 MP™ compared to colistin, valrubicin, icatibant, bepotastine, epirubicin,
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Fig. 6. Interaction of the tenofovir with SARS-CoV-2 MP™.
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Fig. 7. Hydrogen bonds between the tenofovir and SARS-CoV-2 MP™.

epoprostenol, vapreotide and aprepitant antiviral drugs with the binding energy of —11.206, —10.934,
-9.607,-10.273,-9.091, 10.582, -9.892 and —11.376 kcal/mol, respectively [31].

3.8. Bioactivity and pharmacokinetic properties

Drug-likeness evaluated by the Lipinski rule of five deals four simple physicochemical parameter
ranges (MWT <500, log P <5, H-bond donors <5, H-bond acceptors < 10) accompanied with 90%
of orally active drugs, which have passed phase II clinical trial. MiLog P values of these compounds
are observed to be <5 (-2.63-3.19) showed their good permeability across the cell membrane. These
compounds were observed to have TPSA will be below 140A2 (229.46 for tenofovir triphosphate),
molecular weight <500 (the best structure is tenofovir), No. of hydrogen bond donors <5 (the best
structure is tenofovir), No. of hydrogen acceptor < 10, n-violations 0 (for tenofovir and Tucatinib),
number of rotatable flexible bonds > 5. The results of calculations are presented in Table 5.
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Fig. 8. Steric interactions between the tenofovir and SARS-CoV-2 MP™,
Fig. 9. Molecular docking of the tenofovir to SARS-CoV-2 MP™.
Table 4
Molecular docking energy data for mentioned ligand and Hydrogen bonding

Protein Bonded residues ID Hydrogen bond Bond distance ( A) Binding energy (kcal/mol)
2019-nCoV Arg 60 1 1.5028 -5.2473
2019-nCoV Ser 62 1 1.6358 —6.2907
2019-nCoV Ser 62 1 1.9311 -3.4003
2019-nCoV Asn 63 1 1.4703 —2.9054
2019-nCoV Asn 63 1 1.5554 —4.5941
2019-nCoV His 64 1 1.9901 -3.0399
2019-nCoV His 64 1 2.1143 -5.0754
2019-nCoV His 64 1 2.3487 —7.2362
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Table 5
Pharmacokinetic properties of the compounds tenofovir, selpercatinib [59], tucatinib [59] and tenofovir triphosphate
Compound miLogP  TPSA  natoms MW nON nOHNH nviolations nrotb  volume
Tenofovir -0.62 136.39 19 287.22 9 4 0 5 232.58
Selpercatinib 1.35 112.04 - 525.60 8 1 1 8 -
Tucatinib 3.19 110.85 - 480.52 7 2 0 6 -
Tenofovir triphosphate -2.63 229.46 27 447.17 15 6 2 9 323.28

*_miLogP (the octanol/water partition coefficient), TPSA (the molecular polar surface area), natoms (the number of atoms of
the molecule), nON (the number of hydrogen bond acceptors), nOHNH (the number of hydrogen bond donors), nviolations
(the number of violations of the Ro5), nrotb (the number of rotatable bonds), volume (the molecular volume), and MW (the
molecular weight).

4. Conclusion

In Summary, density functional theory and molecular docking investigations were carried out for
the binding of tenofovir to SARS-CoV-2 MP®. The most of the charge transfer from the HOMO to
LUMO in tenofovir drug molecule is due to n—> 7* and w —> 7 transitions. The energy gap (E,)
value of tenofovir was estimated about 5.36 eV. All oxygen atoms in the tenofovir molecule have the
negative charge and O16 atom has the highest negative natural charge about —1.005e. The absorption
spectrum of the tenofovir has a wide absorption at about 100—400 nm which characterized by maxima
at 186.51 and 179.44 nm. Docking study was performed to analyze the binding interaction of the
tenofovir ligand with the target protein. It was found that the tenofovir shows the most binding energy
(—47.206 kcal/Mol) towards of the SARS-CoV-2 MP™in comparison with other known antiviral drugs,
including colistin, valrubicin, icatibant, bepotastine, epirubicin, epoprostenol, vapreotide, aprepitant.
Thus, this compound can be considered in the future clinical trials of drugs against 2019-nCoV.
The molecular properties related to drug-likeness have been predicted based on the bioavailability
using methodologies defined in the previous literatures as well as the descriptors used to quantify the
bioactivity allowed the characterization of the studied tenofovir molecule.

Supplementary material

The supplementary material is available in the electronic version of this article: https://dx.
doi.org/10.3233/MGC-220046.
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